INTRODUCTION
Organismic complexity scales with the intricacies and sophistication of gene regulation. How this intricate regulation is achieved, however, is not fully understood. Specificity, both spatial and temporal, is at the heart of this extraordinarily elaborate and complex regulatory process (Levine and Tjian, 2003) . Proteinprotein interactions among multiple transcription factors bound to adjacent sequences, DNA-mediated cooperativity, and other factors have been found to enhance site selectivity and to initiate the assembly of multi-protein regulatory complexes. After assembly the regulatory complex initiates the recruitment of co-activators, chromatin modifiers, and other factors, thereby increasing chromatin accessibility and the initiation of RNA synthesis (Dulac, 2010; Schneider and Grosschedl, 2007) . It is not known whether any steps beyond the assembly of regulatory complexes influence the spatial and temporal specificity of gene regulation. p300 (KAT3B) is a transcriptional co-activator with intrinsic acetyltransferase activity. Being a large adaptor protein, p300 bridges the basal transcription machinery to DNA sequence-specific transcription factors (Chan and La Thangue, 2001; Ogryzko et al., 1996) . By virtue of its structural plasticity, p300 can interact with the intrinsically disordered transactivation domains of a vast array of transcription factors, thereby functioning as a nodal integrator of signals terminating in the regulation of transcription (Bedford et al., 2010; Dyson and Wright, 2016; Lee et al., 1998; Perissi et al., 1999) . Therefore, its recruitment via the interaction with sequence-specific transcription factors can regulate transcription from the chromatin template (Kundu et al., 2000) . This protein is often recruited to assembled regulatory complexes, where it acetylates histone tails in the vicinity. In this way, p300 promotes localized chromatin accessibility and, subsequently, selective transcriptional initiation (Vo and Goodman, 2001 ).
The basal catalytic activity of p300 is enhanced by trans-autoacetylation of its lysine-rich regulatory loop (Thompson et al., 2004) . It had been proposed that, in the absence of acetylation, the positively charged lysine-rich auto-inhibitory loop folds back onto the enzyme active site, thus hindering optimal substrateenzyme interaction. Since p300 is involved in diverse physiological roles, the precise regulation of its function is essential. It has been demonstrated that some factors affect the levels of p300 autoacetylation in the cell. Intriguingly, these factors have distinct cellular functions and induce p300 autoacetylation under different cellular contexts. The Anaphase Promoting Complex/Cyclosome (APC/C) subunits APC5 and APC7 are capable of enhancing p300 autoacetylation, which is required for proper cell cycle progression (Turnell et al., 2005) . Similarly, the transcription factor MAML1 has been shown to increase the levels of p300 autoacetylation, thereby inducing the transcription of Notch pathway genes (Hansson et al., 2009) . During cellular stress, GAPDH associates with the E3 ligase Siah1 and shuttles to the nucleus, where it enhances p300 autoacetylation, which in turn activates the p53-mediated apoptotic pathway (Sen et al., 2008) . p300 autoacetylation is negatively regulated by the class III lysine deacetylase SIRT2, and as expected, the suppression of p300 autoacetylation leads to the reduction of its enzymatic activity (Black et al., 2008) . We have previously reported the presence of global histone hyperacetylation in oral cancer. Mechanistically, this abnormality is a consequence of enhanced p300 autoacetylation, which is induced by NPM1 and nuclear GAPDH in a nitric oxide (NO) signaling-dependent manner. Ac-p300 may be the driving force that causes alterations in the epigenetic landscape and, consequently, the global deregulation of transcription that is required for oral carcinogenesis (Arif et al., 2010) . Thus, modulation of p300 autoacetylation may be a key factor in regulating cellular responses. p300 is a co-activator of the tumor suppressor p53 and acetylates it on several lysine residues, mainly on its C-terminal domain Lill et al., 1997) . Studies have attributed the enhancement of DNA sequence-specific binding ability of p53 to the p300-mediated acetylation, whereas contradictory findings have shown that p53 C-terminal acetylation may not have a profound effect on its promoter binding (Barlev et al., 2001; Espinosa and Emerson, 2001) . Nevertheless, accumulation of acetylated p53 has been observed during cellular stresses (Reed and Quelle, 2014; Sakaguchi et al., 1998) and p53 acetylation has been studied extensively with respect to cell cycle arrest, apoptosis, senescence, and ferroptosis (Bieging et al., 2014; . Studies using the acetylation-defective mutants of p53 have shown that the acetylation of p53 is not required for its DNA binding, rather it is crucial for the recruitment of co-activators such as p300, which are essential for p53 transactivation function (Barlev et al., 2001) , thereby reiterating the fact that the interaction between p300 and p53 is functionally important. p53 interacts with p300 in its tetrameric conformation, through its bipartite transactivation domain AD1 and AD2, whereas p300 interacts through several domains, namely, TAZ1, KIX, TAZ2, and IBiD (Krois et al., 2016; Teufel et al., 2007) . Intriguingly, numerous factors such as E1A, DDX24, WTX, MYBB1A, and Skp2, can regulate p53 tumor suppressive functions in vivo by dictating its association with p300, thereby proving that the p300-p53 axis is an important cell fate determinant in stress responses (Kim et al., 2012; Kitagawa et al., 2008; Kumazawa et al., 2011; Lill et al., 1997; Shi et al., 2016; Vasudevarao et al., 2014) . The p53 gene acquires several mutations that abolish its tumor suppressive functions and confer oncogenic gain-of-function (GOF) properties that contribute to tumorigenesis. Approximately 97% of the missense mutations map to the DNA-binding domain (DBD), of which a small number occur in high frequency in cancers (Freed-Pastor and Prives, 2012) . GOF p53 mutants induce aberrant transactivation in cancers through the recruitment of p300, but the effect of mutant p53 on p300 catalytic activity is yet unknown. In the present study, we addressed the mechanism of factor-induced p300 autoacetylation and its importance in p53-dependent gene regulation.
We found that the master tumor suppressor protein p53 specifically induces p300 autoacetylation. Comparison of the genomic distribution of ac-p300 and p300 before and after stimulation by p53 indicates that ac-p300 is specifically and uniquely present around transcription start sites (TSS) of p53-regulated genes. This study establishes the mechanism of p53-mediated induction of p300 autoacetylation and its chromatin recruitment at transcriptional regulatory elements. Our data indicate that GOF mutant p53 may execute its downstream oncogenic functions through the modulation of p300/CBP autoacetylation and function. The implications of these observations are further explored.
RESULTS p53 Directly Modulates p300 Autoacetylation and Acetyltransferase Activity
To explore whether p53 has an effect on the acetyltransferase activity of p300, an in vitro acetyltransferase assay was designed to detect the effect of p53 on the levels of p300 autoacetylation. p53 specifically induced the autoacetylation of 20 nM p300 in a concentration-dependent manner (ranging from 40 to 160 nM p53 monomers) but exhibited a negligible effect on the autoacetylation of the other two classes of lysine acetyltransferases (KATs), PCAF, and Tip60 ( Figure 1A ). An approximately 4.5-fold enhancement of p300 autoacetylation was observed in the presence of 160 nM p53 (2:1 ratio of p53 tetramers to p300). Because p53 forms a stable tetramer and may possibly interact with p300 as a tetramer (Teufel et al., 2007) , a significant degree of p300 autoacetylation was reached only when p53 was present in a 1:1 ratio of tetrameric p53 to p300. At a suboptimal concentration (40 nM) of p53 (tetrameric p53 to p300 ratio of 0.5:1), a negligible increase in the autoacetylation was observed ( Figure S1A ). Moreover, p53 is a substrate of most major nuclear KATs, including p300/CBP , PCAF (KAT2B) (Liu et al., 1999) , TIP60 (KAT5) (Sykes et al., 2006; Tang et al., 2006) , MOZ (KAT6A) (Rokudai et al., 2013) , and MOF (KAT8) (Sykes et al., 2006) . Therefore, the specificity exhibited by p53 toward the enhancement of p300 autoacetylation, with no effect seen for PCAF and Tip60, led us to conclude that p53 is not merely a substrate of p300 but a regulator of the intrinsic enzymatic activity of p300. This specific role of p53 was investigated further. Three different substrates of p300, p47 (N-terminal truncated [D40p53] isoform of p53, incapable of binding to p300), Positive Coactivator 4 [PC4], and p50 (a subunit of nuclear factor kB), were also Figure 1 . The Tumor Suppressor p53 Enhances p300 Autoacetylation (A) An in vitro acetyltransferase assay was performed to determine the levels of autoacetylation of different lysine acetyltransferases (KATs) in the presence of 40, 80, 120, and 160 nM of recombinant wild-type p53 (Lanes 3-6), respectively. The autoradiograms indicate the levels of p300, PCAF, and Tip60 autoacetylation, respectively, whereas the Coomassie Brilliant Blue (CBB)-stained protein panels show the loading control. (See Figure S1A for densitometric quantification). (B-D) An in vitro acetyltransferase assay was performed to determine the levels of p300 autoacetylation in the presence of different p300 substrates (B) p47, (C) PC4, and (D) p50. 20 nM p300 and 50, 100, and 150 nM of each protein factor were used. (E) Enhancement of p300 catalytic activity in the presence of increasing concentrations of wild-type p53 as indicated was determined by filter-binding histone acetyltransferase assay, using recombinant histone H3 as substrate. The mean fold change was plotted GSD; statistical analysis was performed using unpaired two-tailed Student's t test. tested and found not to effectively induce p300 autoacetylation ( Figures 1B-1D) . To investigate the effect of the p53-mediated induction of p300 autoacetylation, we performed an in vitro histone acetyltransferase assay using recombinant histones as the substrate. In agreement with the results of the autoacetylation assay, we observed an approximately 3-fold increase in p300 histone acetyltransferase activity at a p300:p53 molar ratio of 1:2. Notably, we observed an approximately 4.5-fold increase in p300 activity in the presence of p53, thus suggesting that p53 positively modulates p300 KAT activity through the induction of autoacetylation. Further increase in the p53 concentration did not affect the HAT activity beyond 4.5-fold ( Figure 1E ). The in vitro p53-mediated induction of p300 autoacetylation was further verified in the cellular context. Endogenous p53 levels were stabilized in HepG2 cells by using the small molecule inhibitor of the MDM2-p53 interaction, Nutlin-3a. The stabilization of p53 after Nutlin-3a treatment appeared to positively regulate the levels of p300 autoacetylation in the cells in comparison with cells treated or not treated with DMSO ( Figure 2A) . Furthermore, the fluorescence intensity due to p300 autoacetylation was significantly (p < 0.001) enhanced in HepG2 cells treated with Nutlin-3a expressing wild-type p53 ( Figure 2B ). We expected that hyper-autoacetylated p300 would induce p300-specific histone acetylation in cells. To address this possibility, histone acetylation at H3K9 and H3K14 were investigated in the presence and absence of Nutlin-3a ( Figure 2C ). It has been previously demonstrated that p53 acetylation and histone acetylation increase after Nutlin-3a treatment (Haaland et al., 2014) . Therefore, to test for whether the enhancement in histone acetylation was due to the p53-mediated enhancement of p300 autoacetylation, we treated p53-null H1299 cells with Nutlin-3a and probed for the levels of different histone acetylation marks in treated versus control cells ( Figure 2D ). Interestingly, we found that the histone acetylation levels did not show any appreciable alteration in Nutlin-3a-treated H1299 cells, thereby signifying the importance of p53 in the activation of p300 KAT activity. To rule out the possibility that p300 might be transcriptionally regulated by p53 rather than post-translationally modulated, p300 transcript levels were compared between cells treated with Nutlin-3a and DMSO. No change in the levels of EP300 transcript was observed in the presence of p53 compared with CDKN1A (an early p53 target gene) transcripts, thus suggesting that p300 is not regulated by p53 at the transcriptional level ( Figure 2E ). Collectively, these results established p53 as a bona fide inducer of p300 autoacetylation and its acetyltransferase activity. To elucidate the mechanistic details of p53-mediated activation of p300, the importance of the direct interaction between p53 and p300 was investigated. p53 directly contacts p300 through four important residues (L22, W23, W53, F54) in its transactivation domain. Mutations in these residues severely compromise p53 transactivation (Teufel et al., 2007) . After DNA damage, p53 is phosphorylated by several kinases, and phosphorylated p53 binds to its co-activator p300 with higher affinity (Lambert et al., 1998; Lee et al., 2010) . Interestingly, the higher the number of phosphorylated sites on the p53 N-terminus, the higher its affinity for CBP/p300 (Lee et al., 2009 (Lee et al., , 2010 . A triple-phospho-mimic peptide (S15E, T18E, S20E) comprising the 11 th to 30 th amino acid residue of the p53 (TAD1 domain) protein along with a cell penetrating sequence and nuclear localization sequence (NLS) was used to obstruct the interaction between p53 and p300 (Polley et al., 2008) ( Figure S1B , Table S1 ). Using a filter-binding assay-based strategy, the importance of the p53-p300 interaction for the activation of p300 was assessed on the basis of the level of p300-mediated histone acetylation ( Figure 2F ). The peptides and p53 alone did not bind to the p81 phosphocellulose filters; therefore, the measured radioactivity was only from the tritium-labeled acetylated histones bound to the filters. The basal activity of p300 in the absence of any inducer was considered as 100% activity, and the peptides alone did not alter the activity of p300, thus signifying that any change in histone acetylation observed thereafter was a direct consequence of the p300-p53 interaction. In the presence of 4 nM p53, a 3-fold increase in the histone acetylation was observed. The presence of scrambled peptide did not alter the p53-mediated induction of p300 activity, but p53 phosphomimic peptides (3E pep) effectively decreased histone acetylation levels. These results indicated that the p53 phosphomimic peptide effectively interfered with the p53-p300 interaction, thus presumably leading to decreased p300 autoacetylation and activity, as indicated by a significant decrease in histone acetylation levels. The scrambled peptide exhibited a negligible effect on p53-mediated p300 activation, thus ensuring that the decrease observed in the case of the p53 phosphomimic peptide was indeed due to the disruption of the p53-p300 axis and was not a non-specific effect of the peptides ( Figure 2F ). Furthermore, to ascertain whether these peptides were effective in cells, HepG2 cells were treated with Nutlin-3a to stabilize the levels of p53. The cells were then treated with different concentrations of the p53 phosphomimic peptide, which has cell-penetrating sequences (Figure 2G) . The levels of p53 increased after Nutlin-3a treatment, and the peptide treatment did not alter p53 protein levels. Therefore, the p53 peptide did not alter cellular p53 protein levels, and the observed alteration in histone acetylation is a direct consequence of the disruption of p53-p300 interaction.
In agreement with the previous observation, H2AK5 acetylation increased on p53 stabilization with Nutlin-3a (Figures 2G and S1C) . After treatment with the interfering peptide, the levels of H2AK5 acetylation gradually decreased in a concentration-dependent manner ( Figure 2G ), whereas H2AK5ac levels remained unchanged after scrambled peptide treatment ( Figure S1C ). The direct interaction between p300 and p53 appeared to be crucial for the induction of p300 catalytic activity; therefore, we wanted to ; levels of Ac-p300, p300, and p53 were analyzed by immunoblotting. Alpha-tubulin levels were considered as the loading control.
(B) HepG2 cells were treated with 5 mM Nutlin-3a for 24 hr, and the levels of Ac-p300 and p53 were assessed by co-immunofluorescence. Fluorescence intensity of Ac-p300 in control cells versus Nutlin-3a-treated cells have been quantified (represented as mean G SD, unpaired two-tailed Student's t test, n = 50 of three independent experiments). Scale bar, 10 mm.
(C and D) HepG2 cells (C) and H1299 cells (D) were treated with DMSO (vehicle control) or Nutlin-3a as indicated. Histone acetylation levels were analyzed by immunoblotting using H3K9ac and H3K14ac antibodies. Total histone H3 levels were used as the loading control.
(E) The relative transcript levels of EP300 and CDKN1A (p53-responsive gene) were determined by qRT-PCR (mean G SD). Unpaired two-tailed Student's t test statistical analysis was performed. Actin transcript level was used as the internal control. The relative p300 transcripts do not alter significantly on Nutlin-3a treatment.
(F) Results of filter-binding assay indicate that the p53 phosphomimic N-terminal peptide (3E pep) can effectively reduce the activity of p300 by interfering with its interaction to p53; 4 nM p53 phosphomimic and scrambled peptides were used.
(Also see Figure S1B .) (G) HepG2 cells treated with Nutlin-3a or DMSO, and p53 phosphomimic peptide (3E peptide) as indicated, and the levels of H2AK5ac, H3, p53, and tubulin were probed by immunoblotting. (Also see Figure S1C .) (H) The rescue of heat-denatured 20 nM p300 activity (activity rescue assay), on addition of wild-type p53, at the indicated concentrations, was determined by the in vitro filter-binding assay, using recombinant histone H3 and
investigate whether p53 could modulate the structure of p300. Since p300 is a large, intrinsically disordered protein of 300 kDa, it could be a possibility that p53 may act as a molecular chaperone for p300, thereby stabilizing its disordered structure. To address this, we designed an in vitro radioactivity-based histone acetyltransferase assay whereby we denatured p300 at 45 C and then incubated the denatured enzyme with p53 at 30 C. The refolding or recovery of p300 activity was scored by its ability to acetylate recombinant histones. Interestingly, we observed a p53 concentration-dependent rescue of p300 activity, suggesting that p53 could possibly act as a molecular chaperone for p300 ( Figure 2H ). Overall, we observed that p53 is a potent inducer of p300 autoacetylation and enzymatic activity, which may be through the modulation of p300 structure by p53.
Redistribution of Autoacetylated p300 upon p53-Mediated Activation
If the p53-mediated activation of p300 is important for p53-mediated regulation of targeted genes, then it is expected that activated forms should be present in the vicinity of the regulated genes. We have thus attempted to explore the effect of p53 expression on the presence of p300 in different genomic sites. The differential occupancy of ac-p300 and p300 on the promoters of genes that are expressed after p53 stimulation has been investigated. The enrichment patterns indicated a distinct preference of ac-p300 for the promoter proximal regions, after p53 expression, whereas only a weak enrichment pattern was observed for p300 ( Figure S2A ), thus reinforcing the possibility that the autoacetylated form of p300 is actively associated with p53-mediated transcriptional initiation ( Figure 3A) . We analyzed the differential occupancy of p300 and ac-p300 with publicly available datasets of RNAPII, H3K27ac (active promoter Figure 3 . Redistribution of p300 after p53-Mediated Enhancement of p300 Autoacetylation (A) Heatmaps depicting the enrichment of ac-p300, p300, H3K27ac, RNA Polymerase II (RNAPII), and H3K4me1 at promoters (TSS G5 kb).
(B) Venn diagram showing the overlap between the up-regulated genes enriched at the promoters with both ac-p300 and p300 and genes unique to each set. (C and D) ChIP-qPCR to determine the occupancy of (C) p53 and (D) autoacetylated p300 (Ac-p300) at p53-responsive gene promoters. (See Figure S2 .) mark), and H3K4me1 (enhancer mark) distribution. The abundance of ac-p300 at the promoters correlated with the presence of RNA Pol II enrichment and active promoter marks such as H3K27ac ( Figure 3A ). These data indicated a specific role for ac-p300 within the entire pool cellular p300. The co-activator occupancy has been integrated with the microarray expression analysis of the p53-induced differentially expressed genes , revealing a greater overlap between p53-driven transcription and ac-p300 (4,341 genes) recruitment ( Figures 3C and 3D ) in comparison with p300 (1950 genes) ( Figure 3B ).
The Gain-of-Function Mutant p53 Induces p300 Autoacetylation to Enhance Tumorigenesis
The TP53 gene is mutated in approximately 50% of malignancies, of which 75% are missense mutations (Freed-Pastor and Prives, 2012; Olivier et al., 2010) . The missense mutations mapping to the DNA binding domain not only abrogate the tumor suppressive functions of p53 but also impart unique oncogenic functions to the mutant protein (Freed-Pastor and Prives, 2012). Since our previous results elucidated the mechanisms of p53-mediated induction of intermolecular p300 autoacetylation and the role of autoacetylated p300 in p53 downstream gene expression, we investigated whether these GOF mutants retained the ability to enhance p300 catalytic activity through the induction of autoacetylation. We tested different GOF hotspot mutants, three conformational mutants (R175H, V143A, and R249S), and two DNA contact mutants (R273H and R248W), in an in vitro autoacetylation assay. All the GOF mutants appeared to enhance p300 autoacetylation in vitro, which was comparable with the enhancement observed in the presence of wildtype p53 ( Figure 4A ). In H1299 cells ectopically expressing GOF p53 mutants, the levels of autoacetylated p300 were checked by immunofluorescence in the mutant p53 transfected cell versus the untransfected cells. The intensity of autoacetylated p300 immunofluorescence staining revealed that the cells expressing the GOF mutants, both DNA contact mutants ( Figures S3A and S3B ) and conformational mutants ( Figures  S3C and S3D ), appeared to have significantly higher levels of autoacetylated p300 in comparison with the untransfected controls ( Figure S3 ). To understand the pathophysiological relevance of GOF mutant p53-mediated enhancement of p300 autoacetylation, the R273H p53 mutant, which has one of the highest incidences in cancers (6.7%), was chosen for further investigation. To establish that R273H p53 mutant could alter the levels of p300 autoacetylation alone without affecting the overall p300 protein levels, immunofluorescence was performed in H1299 cells ectopically expressing R273H p53. As observed in the earlier immunofluorescence staining, the autoacetylation of p300 increased dramatically in the presence of R273H ( Figure 4B , upper panel) while exhibiting a negligible change in the overall p300 protein levels (Figure 4B, lower panel) . These data reinforce the fact that similar to wild-type p53, the GOF R273H mutant too, modulates p300 only at the autoacetylation level and does not appear to affect p300 protein stability or expression. As established earlier that increased KAT activity is a direct consequence of p300 autoacetylation, the levels of different p300-specific histone marks were checked, after ectopically expressing the mutant R273H and wild-type p53 as a control. It is evident from the western blotting analysis that histone acetylation on H2AK5 and H3K9 were up-regulated in cells transfected with the mutant and wild-type p53 in comparison with the vector-transfected cells ( Figure 4C ). To investigate the role of R273H mutant-mediated induction of p300 autoacetylation in regulating the tumorigenic potential of the mutant, an inducible Tet-ON H1299 cell line for R273H p53 expression was created. Earlier experiments have established that the direct interaction of p53 with p300 is essential for the induction of p300 autoacetylation. Therefore, the aim of the experiment was also to test whether the direct interaction of p300 and p53 mutant R273H played a role in the GOF of this mutant. In a wound healing assay, the cells were treated with doxycycline to induce the expression of R273H p53 and the untreated cells served as the experimental controls. Under both conditions, R273H p53 presence and absence, the cells were treated with either the p53-p300 interfering p53 phosphomimic peptide or the control scrambled peptide. On doxycycline treatment the wound created in the control cells healed faster, suggesting that the R273H p53 mutant indeed exhibited GOF properties, marked by higher proliferation and migration. The cells treated with the scrambled peptide showed similar closure time as the control cells, signifying that the scrambled peptide did not have any apparent pleiotropic effect. Interestingly, the cells treated with the phosphomimic p300-p53 interfering peptide migrated and proliferated slower than the control cells, implicating a possible role of p300 interaction in the tumorigenic potential of R273H p53 ( Figure 4D) . Moreover, the delay in wound closure observed on p53 phosphomimic peptide treatment was comparable with that of the untreated (doxycycline negative) cells, suggesting that the peptide treatment may have abrogated the effect of the p53 mutant expression. Furthermore, in the doxycycline-negative cells, the control, p53 phosphomimic peptide, and scrambled peptide-treated cells migrated and proliferated at similar rates, suggesting that the effect observed on p53 phosphomimic peptide treatment in the doxycycline-treated cells had a direct correlation with the presence of mutant p53 ( Figure 4D ). Collectively, these results implicate the direct role of p300 (and possible p300 autoacetylation) in the induction of R273H tumorigenic functions, creating a positive feedback loop between the two proteins. Western blotting analysis was done with the cells used in the assay to ascertain the expression status of R273H p53 in the presence and absence of doxycycline treatment ( Figure 4A ). Since in the above-mentioned experiment the mutant R273H was artificially expressed in H1299 cells, it was important to demonstrate a similar phenomenon in a cancerous cell line endogenously expressing the R273H p53 mutant. Therefore, a similar wound healing assay was performed in the AW13516 oral cancer cell line, which expresses high levels of the R273H p53 mutant. Similar to the Figure S3 .) (C) Western blotting analysis was performed to determine the levels of p300-specific histone acetylation levels in H1299 cells transiently transfected with pCMV2 Empty Vector, wild-type p53, and the DNA contact mutant R273H p53. Histone H3 levels served as the loading control.
(D) Representative images (of two biological repeats) of a wound healing assay performed in doxycycline-inducible R273H p53 H1299 stable cell line. The cells were treated with either 10 mM phosphomimic p53 peptide or 10 mM scrambled peptide as indicated with or without doxycycline treatment. Scale bar, 100 mm. (See Figure S4.) previous experiment, the p53 phosphomimic peptide drastically impaired the rate of wound closure ( Figure S4B , middle panel, 12 h) in comparison with the untreated and scrambled peptide-treated controls ( Figure S4B , top and bottom panels, 12 h).
To establish further that the GOF mutant p53-mediated induction of p300 autoacetylation may be an oncogenic pathway through which mutant p53 can exert its tumorigenic potential, we tested whether loss-of-function (LOF) tetramerization-defective mutants could also induce p300 autoacetylation. Tetramerization-defective mutants were transfected into H1299 cells, and the levels of autoacetylated p300 was probed by immunofluorescence. It was found that the p53 tetramerization mutants failed to enhance p300 autoacetylation in the H1299 cells ( Figures S5A and S5B) . It has been shown earlier that p53 proteins that cannot form tetramers lose their ability to interact with p300 (Itahana et al., 2009) . It is fair to assume that the physical interaction of p53 and p300 is a key requisite for the induction of p300 autoacetylation. The L344A p53 tetramerization-defective mutant was tested in an autoacetylation assay. The autoacetylation of p300 does not alter in the presence of the mutant ( Figure S5C ). When H1299 cells were transfected with the L344A p53 mutant, we observed no enhancement in the global levels of p300 autoacetylation or any alteration in p300 protein levels ( Figures S5D and S5E) . These experiments revealed the importance of p53 tetramerization and the requirement for the direct interaction between p53 and p300 for p300 autoacetylation and augmentation of its acetyltransferase activity ( Figure 5 ).
DISCUSSION
The functional cross talk between p300 and p53 is well established; however, the role of p53 in the modulation of the enzymatic activity of p300 has not been addressed before. The chromatin 
. Model Depicting the Physiological Significance of p53-Mediated Enhancement of p300 Autoacetylation
The histone acetyltransferase is present in a ''closed'' inactive conformation when present in an unbound state, but in the presence of p53, a substantial rearrangement in the domain architecture of p300 is observed. In the p53-bound complex, p300 undergoes a conformational switch from an inactive to an altered conformation. This altered conformational state of p300 is more conducive to intermolecular autoacetylation, a phenomenon that enhances the catalytic activity of p300. When p300 is activated by wild-type p53, there is a re-distribution of autoacetylated p300 onto p53-responsive gene promoters, leading to the downstream tumor suppressive functions of p53, whereas when mutant p53 induces the autoacetylation of p300, we observe an increased tumorigenic potential. The gain-of-function effect of mutant p53 is abrogated when the interaction between mutant p53 and p300 is disrupted.
immunoprecipitation sequencing (ChIP-seq) analysis of ac-p300 genome occupancy after p53 induction provided further insights into the transcriptional cascades triggered by effector (p53)-mediated induction of p300 autoacetylation. p300 autoacetylation can control its catalytic activity (Thompson et al., 2004) , but the dynamics of p300 autoacetylation under physiological stimuli are not fully understood. The present findings provide experimental evidence that establishes p53 as a bona fide modulator of p300 autoacetylation. Remarkably, among all of the substrates of p300 tested, only p53 enhanced p300 autoacetylation, thus confirming the molecular specificity of this phenomenon. The preferential induction of p300 autoacetylation by p53 over that of other acetyltransferases further exhibited the specificity of p53-mediated induction of p300 autoacetylation. This result further suggested that the induction of autoacetylation is not merely a consequence of enzyme-substrate interaction. The structural plasticity of p300 not only increases its interactome but also provides an additional level of regulation for this essential epigenetic enzyme.
Thompson et al have shown that the basal catalytic activity of p300 is stimulated through the autoacetylation of certain lysine residues present on the auto-inhibitory loop residing in the KAT domain. It was speculated that, on acetylation of these lysine residues, the loop would be dislodged thereby allowing enhanced catalytic activity (Thompson et al., 2004) . Surface-enhanced Raman spectroscopy (SERS)-based structural studies on the minimal p300 HAT domain provided evidence to demonstrate that p300 when hyper-autoacetylated in the presence of acetyl-CoA exhibited a structural reorganization in the HAT domain (Arif et al., 2007) . This finding was corroborated by another SERS-based structural study using small molecule activators of p300, CTB and CTPB, which showed a similar structural alteration in the HAT domain (Mantelingu et al., 2007) . The 2.8 Å crystal structure of p300 catalytic core domain (bromodomain-RING-PHD-HAT (PDB: 4BHW)) revealed that the bromodomain-RING-PHD domains associate closely with the HAT domain, through several conserved contacts. In the crystal structure, the spatial arrangement of the domains suggests that p300 alone is present in a closed inactive conformation, which the authors speculated could be relieved by inter-molecular autoacetylation (Delvecchio et al., 2013) . Studies have indicated that a conformational alteration may be a prerequisite for complete activation of p300 acetyltransferase activity (Delvecchio et al., 2013; Kaypee et al., 2018; Yi et al., 2017) . In our recent study, we have shown that the decameric histone chaperone NPM1 could alter the structural conformation of p300, functioning as a molecular chaperone for the intrinsically disordered enzyme thereby inducing p300 autoacetylation and acetyltransferase activity, whereas the disruption of NPM1 oligomerization abrogates its ability to activate p300 (Kaypee et al., 2018) . Drawing parallels to this study, we find that p53, in its tetrameric form, is a potent inducer of p300 autoacetylation. On disruption of its tetramers (in tetramerization-defective mutants), p53 appears to lose its ability to enhance p300 autoacetylation. Corroborating the model proposed by Teufel et al., we can conjecture that a single molecule of p300 can wrap around tetrameric p53 (Teufel et al., 2007) , as a result of which p300 attains a conformation that may be conducive to intermolecular autoacetylation, as opposed to the closed inactive conformation observed in the crystal structure of the catalytic core of p300 (Delvecchio et al., 2013) . However, the conformational alterations should be further validated through extensive structural studies on the full-length p300-p53 complex. This model may have further implications on the recruitment of p300/CBP to chromatin. p300/CBP is recruited to gene promoters by several transcription factors Kundu et al., 2000) where it can assemble transcription complexes that facilitate gene expression. The autoacetylation of p300 has been proposed to induce distinct structural changes that are critical for its activity. Black et al. have shown that the presence of p300 at the preinitiation complex (PIC) exerts an inhibitory effect of transcription in vitro. The release of p300 from the complex is attributed to the possible conformational switch in the p300 structure after autoacetylation (Black et al., 2006) . It is clear from this study that p300 autoacetylation is essential for maximal transcription to proceed. The predominant occupancy of ac-p300 on the TSS of the promoters is a novel finding based on the obtained ChIP-seq analysis. These data are in agreement with the factor-dependent recruitment of the acetyltransferases p300/CBP and subsequent gene activation, as previously reported. Evident from our biochemical data, the direct interaction of p53 with its co-activator p300/ CBP is functionally important in this process and serves as the mechanism of induction of autoacetylation. Ceschin et al. have shown that CBP is methylated at multiple sites by the arginine methyltransferase protein CARM1 and the arginine methylation of CBP stimulates CBP activity through the induction of CBP autoacetylation. Use of polyclonal antibodies recognizing specific CBP methylation species has indicated that each methylated class of CBP has differential HAT activities and distinct transcriptional effects, thereby diversifying the estrogen receptor response (Ceschin et al., 2011) . The contextual recruitment of p300 has been noted in another study performed in the MCF7 cell line, in which it has been observed that, in resting cells, p300 appears to show a preference toward neural lineage gene promoters, whereas the enrichment of p300 shifts toward estrogen-regulated gene targets after estradiol treatment (Wang and Li, 2016) . In a recent report, CBP has been shown to interact with RNAs. At active enhancers, CBP interacts with enhancer RNAs, which bind to the CBP catalytic domain, inducing CBP autoacetylation (Bose et al., 2017) . The resultant enhancement in CBP activity leads to increased histone acetylation and expression of target genes. In the present work, the differential occupancy of p300 and ac-p300 was investigated after p53 activation. After autoacetylation, in the presence of p53, p300 appeared to show a strong preference for the TSS ( Figure 3A and S2A), in agreement with the recruitment model discussed earlier. The binding of acp300 was strongly associated with RNA Pol II occupancy and the promoter acetylation mark H3K27ac. This finding suggested that ac-p300 is indeed involved in the assembly of the basal transcription machinery at promoter-proximal regions of genes. The overall pool of p300 did not show an appreciable alteration in chromatin occupancy in the presence of p53, whereas a distinct redistribution in ac-p300 enrichment was observed. Notably, the integration of the ChIP-seq data with the gene expression microarray analysis revealed that the enrichment of ac-p300 was a better determinant of p53-mediated gene expression than the presence of unmodified p300. This result was in agreement with previous studies in which p300 has been shown to occupy transcriptionally silent regions or the chromatin, whereas the co-occupancy of (presumably autoacetylated) p300 with its histone acetylation mark H3K27ac was observed at transcriptionally active genes (Holmqvist and Mannervik, 2013) . With the current evidence, it can be speculated that the ability to induce structural alterations in p300, leading to enhancement of its acetyltransferase activity, may be a key determinant in p300 chromatin recruitment and downstream transcriptional programs. The ChIP-seq data suggest that the phenomenon of factor-induced p300 autoacetylation may play a pivotal role in the integration of stimulus-driven transcriptional pathways. Specifically, the recruitment of the catalytically active form of p300 may trigger a rapid transcriptional response to internal and external signaling cues. In this study, it is the p53-driven pathway that stimulates a burst in ac-p300 levels and an alteration of the epigenetic landscape, which may be essential for these p53 signaling pathways. We hypothesize that after p53 is stabilized in the cell or overexpressed, it associates with its ubiquitously expressed co-activator p300. This association triggers a conformational alteration in p300, thereby potentiating intermolecular autoacetylation. It is this catalytically active form of p300 that is subsequently enriched in p53-target gene regulatory chromatin regions via its interaction with p53. The active ac-p300 then acetylates histone tails at these loci, decompacting chromatin and leading to enhanced transcription p53-dependent and (possibly) independent gene networks ( Figure 5 , Table S2 ).
A large proportion of tumors harbor mutations in p53 that nullify specific DNA-binding properties. A subset of these mutants, the GOF mutants, also gain aggressive proliferation properties, and it is now known that this is achieved by relocation to regulatory regions of genes responsible for proliferation and drug resistance followed by activation of expression of those genes. The results presented here underline that, in spite of the loss of DNA-binding properties, these mutants retain their ability to activate the co-activator p300 through the induction of autoacetylation, thus promoting the activation of these growth-promoting genes in the new locale. Abolition of the GOF properties by a site-directed peptide inhibitor of p53-p300 interaction suggests that these classes of inhibitors may offer promise against tumors bearing aggressive GOF mutant p53 alleles ( Figure 5 ).
The activation of p300 by p53 suggests that p300 may be preferentially activated when it is recruited to p53 at its target sites. This activation would suggest an enhanced activity of p300 when it is complexed with targetsite-bound p53, thereby leading to localized transcriptional initiation. Thus, the augmented activity of p300 at genes to which it is recruited by p53 adds another element of specificity beyond that of the transcription factor binding. Moreover, p53 was able to modulate the levels of histone acetylation concomitant with the induction of p300 autoacetylation, thus signifying that the tumor suppressor p53 can alter the epigenetic landscape through the regulation of p300 acetyltransferase activity. We speculate that the activation of p300 by p53 demonstrated here may be a representative example of a general mechanism for attaining the high degree of spatiotemporal specificity required for attaining exquisite and intricate gene regulation.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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(B) Results of an interaction study between p53-p300 in HepG2 cells treated with DMSO or 5 μM Nutlin-3a and 10 μM p53 phosphomimic (3E p53 peptide) or 10 μM scrambled peptides as indicated. p53 was immunoprecipitated and the co- (See Table S2 ). (C) An in vitro autoacetylation assay was performed to determine the effect of tetramerization L344A p53 mutant on the induction of p300 autoacetylation. 20 nM p300, 80 nM and 120 nM of L344A p53 or wild type p53 was used respectively. The autoradiogram depicts the levels of autoacetylated p300, the CBB staining shows the loading controls.
(D) & (E) In H1299 cells tetramerization mutant L344A p53 was exogenously expressed and the levels of (D) Ac-p300 and (E) p300 were determined by immunofluorescence.
Fluorescence intensity of Ac-p300, and p300 was measured in untransfected versus Supplemental Tables   Table S1 . Peptide sequences (Related to Figures 2, 4 , S1, and S4) Table S2 . Pathway analysis of up-regulated genes unique to Ac-p300 occupancy.
(Related to Figure 3 Cologne, Germany (Bach et al., 2007) ) into KpnI/XhoI sites. The construct was amplified using a forward primer designed against the FLAG-tag containing a KpnI restriction site and a reverse primer specific to the 3' end of p53 with a XhoI restriction site. The primers have been listed in Table S3 .
Recombinant Protein expression and Purification
His 6 -tagged full length p300, Tip60 and FLAG-tagged PCAF were expressed by transfection of the respective recombinant baculovirus into Sf21 insect ovary cells. The His 6 -tagged proteins (His 6 -p300 and His 6 -Tip60) and FLAG-PCAF were purified as described previously (Kundu et al., 1999; Wallberg et al., 2002) .
FLAG-p53 and FLAG-p53 mutants were expressed and purified from BL21(DE3)pLysSE.
coli strain. The recombinant FLAG-tagged p53 proteins were purified through affinity chromatography using M2-agarose (Sigma Aldrich, USA) binding resin as described previously .
Small Molecule Inhibitor or Peptide treatment
HepG2 cells were treated with the small molecule inhibitor Nutlin-3a (5 μM or 10 μM) for 24 hours (h). The stabilization of p53 and status of p300 autoacetylation and acetylation of p300-substrates were determined by western blotting analysis and immunofluorescence. For the p53-p300 interfering peptides, HepG2 cells were treated with the indicated concentration of Nutlin-3a for 24 h following which the cells were treated with the peptides for 24 h. Western blotting analysis was performed to study the effects of the peptides on p53-mediated modulation of p300 activity.
RT-qPCR
Tet-inducible p53 expression H1299 cells were treated with doxycycline for 24 h. The cells were harvested in TRIzol™ Reagent (Thermo Fisher Scientific, USA) and RNA was isolated according to the manufacturers' instructions. The purified RNA was treated with DNase I (New England Biolabs) at 37 °C for 20 min to remove any contaminating DNA. The RNA was again purified using Phenol-Chloroform-Isoamylalcohol (24:25:1) followed by ethanol precipitation (1/10 th volume 3 M sodium acetate, pH 5.2, and 2.5 volumes of 100% ethanol)
at -80 °C overnight. cDNA was prepared using M-MLV Reverse Transcriptase (Sigma Aldrich) and oligo dT 23 primers (Sigma Aldrich). Real Time PCR was performed using SYBR Green (Sigma Aldrich) and mRNA-specific primers (Table S3) .
Co-immunoprecipitation
HepG2 cells were treated with 10 μM p53 phosphomimic peptide (3E peptide) or the scrambled control for 24 h. The cells were then treated with 5 μM Nutlin-3a or the vehicle control (DMSO) for another 24 h. The cells were harvested and lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-Cl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA, and Protease inhibitors). p53 was immunoprecipitated using the DO1 antibody (Merck Millipore, USA).
Western Blotting analysis was performed to determine whether p53 and p300 interaction is disrupted by the p53 phosphomimic peptide. 
Wound Healing Assay
Cells were grown in a 30 mm dish or a 6-well plate. When the cells reach ~90% confluency, a scratch was created with a 10 μl tip held at a 45° angle. The cells were given a media change to remove all the floating cells. The wound was monitored over a period of 24 to 48 h till the wound closed. Images of the progress were taken at regular intervals.
Immunofluorescence H1299, HepG2, and AW13516 cells were grown on poly-lysine coated cover slips at 37 °C in a 5% CO 2 incubator. The media was removed and the cell layer was washed in PBS to ensure all the media was removed. The cells were fixed in 4% para-formaldehyde for 10 min at room temperature. The cells were washed with PBS to remove the remnant PFA. The cells were then permeabilized in 5% Triton X-100. Cells were washed in PBS to remove the residual TritonX-100. The cells were blocked in blocking solution (5% FBS in PBS) at 37 °C for 45 min. The blocked cells were then incubated in primary antibody at the indicated dilution for 1 h at room temperature on a reciprocal shaker. The cells were washed in washing buffer (1% FBS in PBS). The cells were then incubated in Alexa-fluor conjugated secondary antibody corresponding to the primary antibody used, incubated at room temperature for 1 h. The nucleus was counter-stained with Hoechst 33258 (bis-benzamide (Sigma Aldrich, USA)), for 5 min at room temperature. Excess Hoechst stain was washed off with PBS. The cover slips were mounted in 70% glycerol onto a microscope glass slide. The stained cells were visualized using Carl Zeiss confocal microscopes LSM 510 META or the LSM 880 with Airyscan.
Acetyltransferase Assays
For the p300, Tip60, and PCAF autoacetylation assay, 20 nM KAT enzyme was incubated in HAT assay buffer (50 mM Tris-HCl, pH 7.5, 1 mM PMSF, 0.1 mM EDTA, and 10% v/v glycerol) and 100 mM sodium butyrate at 30 °C for 30 min with or without the protein factors tested as autoacetylation inducersin the presence of 1 µl of 4.7 Ci/mmol [ 3 H]-acetylCoA (NEN-PerkinElmer). After the autoacetyltransferase assay, the radiolabeled proteins were processed by fluorography. For the enzyme activity assay, reactions with 1 nM fulllength p300 were carried out in HAT assay buffer (50 mM Tris-HCl, pH 7.5, 1 mM PMSF, 0.1 mM EDTA, and 10% v/v glycerol) and 100 mM sodium butyrate at 30 °C for 30 min.
The assays were performed with 2 μM histone H3 in the presence of 1 µl of 4.7 Ci/mmol [ 3 H]-acetyl-CoA. After the HAT activity assay, the reaction mix was spotted on p81 phosphocellulose paper, which was washed in wash buffer (0.05 M sodium bicarbonate and 5 mM sodium carbonate). The spotted paper was dried and incubated in scintillation fluid (0.005% PPO and 5x10-4% POPOP in Toluene). The scintillation counts were measured in a scintillation counter (Wallac 1409 Liquid Scintillation Counter, PerkinElmer, USA).
Activity Rescue Assay
The 20 nM p300 was incubated in HAT buffer either at non-denaturating (30 °C, control) or at denaturating conditions (45 °C) for 15 minutes. The denatured enzyme was incubated in the presence of 80 nM and 200 nM p53 at 30 °C for 30 minutes. The substrate (2 μM recombinant histone H3) and [ 3 H] acetyl-CoA were added to the reaction and the reaction was allowed to continue for 15 minutes at 30 °C. The reaction was stopped on ice followed by filter binding assay as described in the earlier section. The activity of p300 at nondenaturing conditions (30 °C) in the absence of NPM1 was considered as 100% activity.
Chromatin Immunoprecipitation
The cells were cross-linked in 1% formaldehyde. The crosslinking was quenched in 0.125 M glycine, the cells were lysed in SDS buffer, and the chromatin was sheared using a Bioruptor® Diagenode (Belgium) instrument. Five to ten micrograms of antibody was used in each ChIP. The antibody and BSA-blocked protein G sepharose beads (GE Healthcare, USA) were added to the cleared sheared cross-linked chromatin and incubated at 4 °C overnight. The beads were then washed to remove non-specific binding with buffers
